Introduction The purpose of this study is to describe a case where methylene blue improved hemodynamics in a poisoned patient.
Introduction
Methylene blue has been identified as a potential treatment for vasodilatory shock refractory to standard treatment measures. This may include drug-induced vasodilatory shock as can be seen with calcium channel blocker and o t h e r v a s o d i l a t o r p o i s o n i n g . A m l o d i p i n e i s a dihydropyridine calcium channel blocker and antagonizes the movement of calcium ions into vascular smooth muscle cells. Severe dihydropyridine poisoning may be particularly difficult to manage, as it causes both cardiogenic and vasodilatory shock; the peripheral selectivity of dihydropyridines is often lost in overdose [1] . Valsartan is an angiotensin receptor II blocker (ARB). Hypotension can occur in toxicity due to vasodilation and attenuated sympathetic activity [2] ; toxicity is likely enhanced when combined with other drugs that have vasodilator properties, such as calcium channel blockers [3] . Significant vasodilatory shock refractory to standard treatments can occur-this underscores the importance of identifying and promoting efficacious therapies for drug-induced vasodilatory shock.
Methylene blue is best known for its use as a reducing agent in the treatment of methemoglobinemia but is increasing in use as a vasoconstrictor given the literature on administration in vasodilatory shock. Increases in systemic vascular resistance and mean arterial pressure have been consistently described following methylene blue administration for shock due to non-poisoning causes, including vasoplegic syndrome after coronary artery bypass surgery [4] and sepsis [5] [6] [7] . Methylene blue, from a mechanistic standpoint, is an attractive therapy for drug-induced vasodilatory shock, though published literature includes only a small number of human case reports and animal studies [8] [9] [10] [11] . The human reports primarily describe the successful use of methylene blue in vasodilatory shock caused by dihydropyridine calcium channel blockers, though successful treatment of shock from quetiapine [9] and valsartan [12] with methylene blue has also been described. A recently published animal study found significant increases in pulse, mean arterial pressure, and median survival time after administration of methylene blue in an experimental model of amlodipine-induced shock in rats [11] . Upon review of the human cases, however, we find no cases where hemodynamic data from invasive monitoring was available during the administration of methylene blue to more accurately describe its physiologic effects in humans with drug-induced vasodilatory shock.
We present a case where methylene blue was administered to a patient poisoned with cardioactive medications followed by objective improvements in hemodynamic parameters measured via a pulmonary artery catheter (PAC).
Case Report
A 61-year-old man with a history of hypertension, diabetes mellitus type 2, and depression was found in his garage in a running vehicle after he took an overdose of 500 mg atenolol, 200 mg amlodipine, and 375 mg valsartan reportedly several hours prior. He presented to the emergency department via paramedics. The patient was alert and oriented, vital signs reported to be within normal limits, and initial laboratory values were normal with the exceptions of a serum creatinine of 2 mg/dL and a carboxyhemoglobin blood concentration of 15 % determined by laboratory cooximetry. Despite a systolic blood pressure of 110 mmHg, he received 3 g calcium gluconate and 5 mg glucagon. Due to acute rise in creatinine from baseline, he received 2 L normal saline. He was admitted to the intensive care unit secondary to concern for potential hemodynamic instability from his ingestion. Within 8 h of presentation, dopamine was started for developing hypotension, and he required 10 mcg/kg/min to maintain a mean arterial blood pressure (MAP)>55 mmHg and heart rate 50-60 beats per minute (bpm). He continued to receive intravenous fluids and was started on a calcium gluconate infusion 1 g/h.
Over the next several hours, catecholamines, specifically phenylephrine titrated to 300 mcg/min, epinephrine titrated to 0.1 mcg/kg/min, and vasopressin (0.04 units/min), were added for refractory shock, MAP < 50 mmHg. Dopamine was discontinued at the time of epinephrine initiation. Approximately 24 h from time of presentation, he was started on high-dose insulin, quickly titrated to maximum dose of 10 u/ kg/h. Oliguric renal failure, lactic acidosis (lactate 4.5 mmol/ L), and pulmonary edema developed through this period in addition to increasingly altered mental status and lethargy, necessitating intubation and mechanical ventilation approximately 30 h after presentation.
Due to continued poor clinical status following intubation, MAP 50-55 mmHg, and heart rate 70-80 bpm with minimal urine output<25 mL/h, a bolus of 20 % intravenous fat emulsion (1.5 mL/kg) was given as rescue therapy for cardiotoxic poisoning; however, minimal change in blood pressure or heart rate was noted. The patient was also placed on continuous veno-venous hemodialysis (CVVHD) shortly after intralipid therapy for management of volume overload and worsening kidney function. Norepinephrine (titrated to 0.1 mcg/kg/min) was added to the existing resuscitation infusions to maintain MAP 60 mmHg. Due to refractory shock (unable to maintain MAP>60 mmHg) continuing 40 h after presentation, an echocardiogram was obtained and a PAC was inserted.
Methylene blue was then administered (2 mg/kg IV over 30 min) due to echocardiogram and PAC data consistent with vasodilatory shock: ejection fraction 60-65 %, cardiac output (CO) 10. Vasopressor requirements decreased within 2 h following methylene blue loading dose and initiation of infusion (0.75 mg/kg/h)-phenylephrine was discontinued and epinephrine infusion was decreased by 50 %. Methylene blue infusion was discontinued following this as MAP was maintained at 65 mmHg (Fig. 1 ). There were no adverse effects noted-specifically no methemoglobinemia (1.2 % laboratory blood cooximetry, measured 2 h following administration of methylene blue), hemolysis, or signs of serotonin syndrome were observed during the hospital course.
The patient continued to improve hemodynamically over the next 72 h and was taken off CVVHD, high-dose insulin, and vasopressors gradually. Vasopressin was the last infusion to be discontinued. He was later discharged from the hospital without significant sequelae.
Discussion
Calcium channel blocker poisoning continues to have morbidity and mortality despite advances in critical care [13] . Coingestion of other cardiovascular drugs, such as beta blockers and ARB (such as valsartan), are additive to the effects on blood pressure and heart rate. ARB prevent vasoconstriction and attenuate sympathetic activity. Calcium channel blockers also block the responses of vascular smooth muscle to angiotensin II [14] , and prolonged severe hypotension has been reported following combined amlodipine and valsartan ingestion [3] .
Methylene blue is a novel adjunct for drug-induced vasodilatory shock. Its pharmacologic mechanism of effect and previous descriptions in sepsis literature [15] [16] [17] support its use in vasodilatory shock from calcium channel blocker poisoning. Septic shock is associated with excess nitric oxide production which in turn stimulates soluble guanylyl cyclase (cGMP) to increase endothelial smooth muscle relaxation [15] . Methylene blue inhibits guanylyl cyclase, resulting in less production of cGMP and subsequently decreased endothelial smooth muscle relaxation [17] . Though this mechanism is potentially beneficial in the treatment of any poison causing vasodilatory shock, it is particularly appealing for the treatment of severe amlodipine poisoning. Multiple animal studies have found amlodipine is associated with an increased concentration of nitric oxide following its administration [18, 19] . Thus, methylene blue may be beneficial in cases of amlodipineinduced shock refractory to standard vasopressor therapy.
Existing case reports for use of methylene blue in vasodilatory drug-induced shock describe improvements in clinical parameters of blood pressure, pulse rate, and acidemia shortly after (∼1 h) administration of methylene blue for shock recalcitrant to other interventions including high-dose insulin, vasopressors, calcium, and transvenous pacing [8] [9] [10] 12] . Invasive hemodynamic data is well documented in cases of refractory vasodilatory shock treated with methylene blue in sepsis and coronary artery bypass surgery [4, 5, 7] . However, these are not well documented in previous cases of refractory vasodilatory shock treated with methylene blue. The case presented here is unique in that objective improvements in hemodynamics measured via pulmonary artery catheter data are documented during methylene blue administration. Methylene blue administration was associated with a dramatic increase in SVR and subsequent reduction in catecholamine requirements. The observed changes in hemodynamics are similar to those documented in studies on the use of methylene blue in sepsis [17] .
No apparent adverse effects were noted in this case nor have they been reported in previous cases in which methylene blue was used for drug-induced vasodilatory shock [8, 10] . Risks from use of methylene blue are mainly described in case reports in which methylene blue has been used for other indications. When used for methemoglobinemia, methylene blue is a reducing agent; however, it also may act as a potent oxidizing agent. Case reports of paradoxical methemoglobinemia caused by methylene blue exist; however, the majority of these reports are in infants who received high doses of methylene blue in a short period of time [20] [21] [22] . A review of 11 human clinical trials that used methylene blue for the treatment of septic shock did not reveal any cases of clinically significant methemoglobinemia when using methylene blue in doses comparable to those used in this case [23] . When administering methylene blue, providers should be aware of case reports of hemolysis when methylene blue has been administered to patients with G6PD deficiency [24, 25] . Serotonin syndrome is also a potential risk when administering methylene blue in the presence of other serotonergic drugs, such as serotonin reuptake inhibitors, due to inhibition of monoamine oxidase A [26, 27] .
Limitations in the clinical applicability of this case include the presence of co-ingestants and the inability to discern whether the patient would have improved without the use of methylene blue. Drug concentrations were not available to ascertain contribution to toxicity. Other mechanisms that could have accounted for the change in systemic vascular resistance include effect of other medications being administered at the time (vasopressors or high-dose insulin), hemodialysis, drug elimination, or catheter-related measurement errors. However, the temporal relationship to the improvements in hemodynamic parameters and clinical measures of perfusion strongly suggest methylene blue was of clinical benefit.
Methylene blue may be considered in cases of drug-induced vasodilatory shock refractory to standard therapies. However, further studies on the specific agents where this therapy may be effective and indications for its use are required.
